A two-dimensional (2D) subwavelength nanostructure for antireflection coating is fabricated upon a transparent substrate. Self-assembled 2D colloidal crystals are used as a nanoscale composite material with controlled thickness and low refractive index. The feature size of the structure is ϳ105 nm. The structure is used for antireflection coating, and the measured reflectivity of a glass substrate is reduced to 0.3%. Enhanced transmission through the substrate is also observed.
One of desirable characteristics of an optical material is low refractive index. In designing an antireflection coating we require low refractive indices of the film to match those of various substrates. Optical nanostructures are one type of composite material with low refractive indices. [1] [2] [3] [4] These materials typically consist of various fractions of air and a base material. Such new materials can give the optical designer more choices for creating novel structures and devices. Indeed, subwavelength structured surfaces have been used for improved diffractive gratings, 5 diffractive lenses, 6 and antireflection coatings on semiconductor substrates. 7, 8 However, it is a technological challenge to create these structures, as the required feature size is 130 nm or less for applications at visible wavelengths. Such a feature size is beyond the conventional photolithography capability. Deep-ultraviolet photolithography can have feature sizes as small as 90 nm, but it requires expensive facilities. Electron beam lithography and fast atom beam etching have been used for creating nanoscale subwavelength structured surfaces. 8 However, these procedures are expensive and also very time consuming. For example, it took more than 10 h to fabricate a surface area of 1.5 mm 2 . 8 Obviously this method is not suitable for low-cost production over large areas.
In this Letter we report a simple and effective method for creating nanoscale optical composite materials by using self-assembled colloidal crystals upon a substrate. Self-assembled two-dimensional (2D) colloidal crystals have been used for various optical applications, including corrugated waveguides 9,10 and wavelength demultiplexers. 11 Large sized, high-quality samples can be made with a simple apparatus. In this work a single layer of 2D colloidal crystal was deposited upon the surface of the structure by convective assembly. This layer is used as a thin film for the creation of antireflection coating. The reflectivity of the structure is measured with a spectrometer. A simplified theory is used for the calculation of the effective refractive index of the composite film. The measured reflectivity of the sample agrees well with the calculated result.
The composite material structure used in this study is shown in Fig. 1 . It consists of a single layer of nanoparticles (NPs) upon a substrate, which is similar to those used in corrugated waveguides 9, 10 with different particle sizes. The substrate is glass, and the nanoparticles were deposited onto the substrate by convective assembly. [9] [10] [11] [12] [13] [14] The colloid was a monodispersed polystyrene suspension (Interfacial Dynamic Corporation) with particles of 105 nm diameter, a refractive index of 1.59 at ϳ600 nm wavelength, and a concentration diluted to 1%. The resultant film is uniform and covers an area of approximately 2 cmϫ 2 cm.
An atomic-force microscope (Dimension 3100 Digital Instruments nanoscope) was used to image the surface of the composite material film. Figure 2 shows an atomic-force microscope image of 4 m The reflectivity of the coated surface was measured with a Perkin-Elmer spectrophotometer. The incident light was unpolarized, and the incident angle of the light beam was less than 6°. Figure 3 shows the measured reflectivity of surfaces with and without NP coatings as a function of wavelength. It can be seen that the subwavelength structured surface reduces the reflection at wavelengths from 400 to 800 nm. In particular, the minimum reflection is ϳ0.3% at 575 nm, which is more than 10 times less than the 4.7% reflection of a normal glass surface reflectivity. In addition, we also measured the transmittance of the sample. Figure 4 shows that the transmittance of a sample with a colloidal crystal coating is higher than that of the substrate. Note that when we measure the transmittance of the sample there are two reflection surfaces (Fig. 1) , while the measured reflectance shown in Fig. 3 was from a single surface. By subtracting the reflection loss of the second interface, we verified that the addition of reflection and transmission of the first interface is nearly equal to 1. This result indicates that the coating has good optical quality and that no significant scattering loss contributes to the reduced reflection.
The free parameters of the nanostructure are the particle size, which determine the thickness of the film, the material refractive index of the NPs, and the density of particles in the film. By properly choosing the particles' size and material, we can control the thickness and the effective refractive index of the film to achieve total cancellation of reflection at a certain wavelength. To compare the measured results with our theoretical calculation, we used a simplified model of the nanostructure. It is known that no general closed-form expressions exist for an effective refractive index of 2D periodic structures. 1 For periodic 2D structures, coupled-wave analysis can be used for numerical computation. 15 However, in our case the composite film is a 2D polycrystalline structure (Fig.  2 ). It appears to be a difficult task to model and calculate the exact effective refractive index of the polycrystalline film. Therefore we have adopted a simplified approach by using the effective refractive index of a one-dimensional subwavelength grating structure. [1] [2] [3] [4] The effective index for normal incidence can be written as
where n 1 is the refractive index of air, n 2 is the refractive index of polystyrene, and F is the fill factor of polystyrene NPs, which is the volume percentage of the NPs in the film. To get the value of F we used image processing methods, morphological operation, and watershed region segmentation method in MatLab software to calculate the number of particles and to verify the mean diameter of the polystyrene NPs. The calculated value of F was 0.445. Material dispersions of glass and polystyrene were considered in the calculation. We used the dispersion property of polystyrene from the results in Ref. 16 and that of the glass substrate from data sheets obtained from Schott Glass Technology, Inc.
The results of calculation of the reflectance of the structure are shown in Fig. 3 . It can be seen that the calculated results agree well with the experimental measurements. The maximum difference in reflectivity between calculation and measurements is less than 0.2%.
In conclusion, we have demonstrated a simple yet effective method for fabricating subwavelength structures. Colloidal crystals are used as a composite material whose thickness and refractive index one can control by changing the size and chemical composition of the particles. To demonstrate the application of such a composite material in an antireflection coating we deposited a single layer of colloidal crystals onto a glass substrate. It was shown that the reflectivity of the coated sample had been reduced to less than 0.5%. A theoretical calculation of reflection from the coated sample was made with thin-film interference theory. The effective refractive index of the composite materials was found to be ϳ1.3. The calculated results agree well with the experimental measurements.
